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Relationship of microstructure properties to oxygen impurities in nanocrystalline silicon photovoltaic materials We have fully investigated the correlation of microstructure properties and oxygen impurities in hydrogenated nanocrystalline silicon photovoltaic films. The achievement has been realized through a series of different hydrogen dilution ratio treatment by plasma enhanced chemical vapor deposition system. Raman scattering, x-ray diffraction, and ultraviolet-visible transmission techniques have been employed to characterize the physical structural characterization and to elucidate the structure evolution. The bonding configuration of the oxygen impurities was investigated by x-ray photoelectron spectroscopy and the Si-O stretching mode of infrared-transmission, indicating that the films were well oxidized in SiO 2 form. Based on the consistence between the proposed structure factor and the oxygen content, we have demonstrated that there are two dominant disordered structure regions closely related to the post-oxidation contamination: plate-like configuration and clustered microvoids. 
I. INTRODUCTION
Over the past decades, hydrogenated nanocrystalline silicon (nc-Si:H) thin films have been intensively studied and its emergence opens up new ways in the next generation of solar cells and thin film transistor applications.
1,2 Extensive researches have been carried out to find that nc-Si:H films have higher electrical conductivity, better optical absorption, higher photocurrent, higher carrier mobility, and higher doping efficiency than those of amorphous counterpart (a-Si:H). [3] [4] [5] However, widespread and large scale manufacturing of this material has been hampered by its inherent structural complexity and inability to directly control the quantum dot dispersion and its size, making it very difficult to accurately predict the optical and electronic properties.
It is well known that nc-Si:H thin films are mixture of various amounts of different structural components, containing isolated Si nanocrystalline grains, amorphous part, and disordered regions (grain boundaries and microvoids). Previous research on nc-Si:H has indicated that the inhomogeneity feature can form localized states within the energy gap. 6 Defects and grain boundaries play a crucial role in the transport of carries, which is important for most of the practical applications. Furthermore, when nc-Si:H films are used as a window layer or tunnel junction in a-Si based solar cells, 7 incorporation of oxygen into the nc-Si:H films can lower the optical absorption. 8 It has been found that nc-Si:H is more sensitive to oxygen impurities than a-Si:H because oxygen can form weak donors in nc-Si:H materials, which raises the Fermi level toward the conduction band. 9 For the fabrication of highly integrated devices, one of the major difficulties is the oxide formation at the outermost surface of films. Deeper insight into the correlation between the inhomogeneity structure features and the oxygen impurities is thus of great importance for the improvement of nc-Si:H based thin film solar cell performance.
Since H species have played a key role in affecting radicals during the film growth and nucleation process, the H dilution profiling has been chosen in this work to control the structure evolution. We have performed a detailed structural and optical investigation to analyze the change of the structure features and also to demonstrate the film growth mechanism. The x-ray photoelectron spectroscopy (XPS) spectra were employed to understand the bonding configuration of surface oxygen. The detailed structure evolution analysis and infrared (IR) Si-H stretching mode investigation have been used to figure out the oxygen incorporation mechanism in nc-Si:H photovoltaic films.
II. EXPERIMENTS
The nc-Si:H thin films were grown on both glass (Corning 7059) and double side polished intrinsic single crystalline silicon (c-Si) (100) substrates at temperature of 250 C by radio frequency (13.56 MHz) plasma enhanced chemical vapor deposition (PECVD) with silane (SiH 4 ) and hydrogen (H 2 ). The total reactive gas flow rate was 120 sccm and the chamber pressure remained at 150 Pa. The substrates were cleaned prior to deposition by immersion consecutively in ultrasonic baths of deionised water for 30 min and then dipped in buffered hydrofluoric acid to remove any native silicon oxidation layer on the surface. The hydrogen dilution ratio R H [H 2 /(H 2 þ SiH 4 )] was varied from 97.5% to 99.2%. The detailed parameters of these samples have been summarized in Table I .
The x-ray diffraction (XRD) measurements were performed at room temperature on a Goniometer Ultima IV instrument in the standard h-2h configuration with a Cu Ka radiation (40 kV, 30 mA). The micro-Raman spectra were a)
Author to whom correspondence should be addressed. Electronic mail: wzshen@sjtu.edu.cn. performed at room temperature on a JobinYvon LabRam HR800 UV micro-Raman spectrometer in backscattering configuration mode using an Ar ion laser at a wavelength of 514.5 nm. The laser power density is 1 mW/mm 2 to avoid any beam-induced crystallization. The optical transmission measurements were performed in the region of 300-1000 nm by means of a double-beam ultraviolet-visible-near infrared spectrometer (PerkinElmer UV Lambda 35). Moreover, the thicknesses of the films were measured by a Dektak 6 M profilometer.
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The hydrogen bonding configuration and oxygen content within the thin films were measured by IR-transmission spectra from 400 to 4000 cm À1 under a Nicolet Nexus 870 Fourier transform infrared spectrometer. The XPS was used to study the silicon core energy level of the nc-Si:H. All the spectra obtained with an electron takeoff angle of 90 using an Al Ka source monochromatic x-ray radiation. The Kratos charge neutralizer system was used on all the samples to compensate the charging effect of the sample surface. The narrow scan of spectra was collected at high resolution mode with pass energy 20 eV. The bonding energy was calibrated to the C1s emission (284.8 eV) arising from surface contamination. The background from each spectrum was subtracted using a Shirley-type background to remove most of the extrinsic loss structure. It should be noted that we used glass substrates for measurements of XRD, Raman scattering, and optical transmission, and c-Si substrates for IR-transmission and XPS. The influence of different substrates on the film microstructure 10 can be neglected since the lattice strain between the incubation layers and the substrates has little effects on crystallinity under these rather thick nc-Si:H films (>500 nm).
III. RESULTS AND DISCUSSION

A. Film characterization
The grain size of the nc-Si:H films has been obtained from XRD measurements. Figure 1 (a) presents a typical XRD pattern of our samples. Peaks of XRD corresponding to (111), (220), and (311) planes are located at 2h $ 28 , $47 , and $56
, respectively. The presence of large broadening of (111) and (220) c-Si peaks gives the indication of silicon nanocrystalline phase appeared in the film. The average grain size (d) in (111) direction can be determined from the well-known Scherrer formula, 11 which is shown in Figure 1 (b). It can be clearly observed that with the increase of the R H up to 98.8%, the grain size has significantly decreased from the maximum value of 8.6 nm to 5.5 nm in nc-Si:H thin films. Further increase of hydrogen dilution from 98.8% to 99.2% only leads to slight increment of the grain size. As we will discuss below, this can be in principle due to the depletion of deposited radical SiH x molecules by the hydrogen flux.
The film crystallinity can be obtained from the Raman spectroscopy in the 400-600 cm À1 region. Figure 1 (c) shows the typical experimental results corresponding to the sample R H ¼ 98.6%. The spectra were deconvoluted into three satellite spectra: a abroad Gaussian distribution around 480 cm À1 which attributes to the transverse optical (TO 1 ) mode of amorphous silicon; a Lorentzian peak near 520 cm À1 which belongs to the asymmetric TO 2 vibrational mode of crystalline silicon; 12 and the intermediate mode of crystal-like phase at grain boundaries around 506 cm
À1
. 13 The crystalline volume fraction (X C ) in nc-Si:H can be estimated from the relation: TABLE I. Parameters of the nc-Si:H films. R H is the hydrogen dilution ratio H 2 /(H 2 þSiH 4 ) in the film growth, d the average grain size derived from XRD (111) peaks, X C the crystalline fraction calculated from Raman spectra, n 1 the refractive index in the long wavelength limit deduced from optical transmission spectra, C O the bonded oxygen content studies from IR-absorption spectra, I 1080 and I Si-O the integrated area of the peak at 1080 cm À1 and the integrated area of the stretching mode, respectively, R d the growth rate obtained from step profilometer measurements, and C the disorder structure factor from the definition of Eq. (2). 
, where I A , I GB , and I C are the integrated intensity of the peak observed at 480, 506, and 520 cm
, respectively. We plot in Figure 1 (d) the crystalline volume fraction as a function of hydrogen dilution ratio R H . Similar to XRD, Raman spectra also give us the average information about X C over the laser detection depth. According to the surface model 14 and growth zone model, 15 the increased hydrogen dilution ratio will be followed by the increase of X C . We notice that Xc does increase with the R H over 98.6%; however, Xc decreases with R H when it is below 98.6%, which cannot be fully explained by those models. Hence, additional discussion is necessary to explain the film growth mechanism to fully understand the structure characterization, which will be presented below from the hydrogen ion bombardment effects. 16 The above-described structural analysis was complemented by optical transmission measurements. Figure 2 (a) displays the experimental optical transmission spectrum for the sample R H ¼ 98.2% and its fitting results using the envelope method, 17 from which the refractive index n 1 is yielded by applying the equation: n(k) ¼ n 1 þ A n /k 2 , with A n a fitting parameter. In the meanwhile, the film thickness derived from the envelop fitting is found to be in good agreement with that from direct step profilometer measurements. To further understand the film porosity, nc-Si:H is considered to be a three-phase material with nanocrystallites embedded in amorphous tissues and voids also existed in the films. The triphasic constituents of the nc-Si:H thin films, i.e., the volume fractions of P C (crystalline Si), P A (amorphous silicon), and P V (voids filled with air), can be achieved in terms of Bruggeman's effective media approximation 18 and n 1 obtained from the optical transmission measurements.
We have also illustrated in the inset of Figure 2 (a) the optical gap E g deduced from the measured absorption spectrum by Tanc plot of using linear extrapolation method, 19 and presented in Figure 2 (b) the variation of the deduced values P V and E g with R H . It is clear that a persistent widening of E g and an increasing P V can be observed with the increment of R H . Usually, as more hydrogen is presented in the growing surface, the passivation of dangling bonds with hydrogen atoms will become more evident, greatly reducing the localized defect states and leading to a consistent variation in the density of band tail states. 20 Besides, more microvoids formed during the plasma bombardment can also cause a higher value of E g compared to that in standard a-Si:H (50 meV approximately). 21 Therefore, it is plausible to assume that there are different bonding configurations and structure features responsible for the observed results in Figures 1 and 2 .
Finally, we have performed room-temperature IR-transmission measurements to obtain the oxygen contents in these films. Figure 3(a) shows the IR-absorption spectra of the samples prepared under different R H , in which major absorption peaks appear at around 630 cm À1 (Si-H rockingwagging mode), 880 cm À1 (Si-H bending mode), 1030 cm
(Si-O stretching mode), and 2090 cm À1 (Si-H stretching mode). 22 In the calculation of the absorption coefficient, the transmittances are normalized to eliminate the interference fringes due to the small index of refraction difference between the c-Si substrate and the films. The bondedoxygen content C O can be yielded by numerical integration of peak around 1000-1200 cm À1 , which is related to the Si-O-Si stretching mode
where a(t) represents the absorption coefficient of the film at the wavenumber t, N Si ¼ . 23 The deduced C O values for all these nc-Si:H films have been listed in Table I .
B. Bonding configurations
Since the oxygen content varies with different microstructures under various R H values, it can be deduced here that the microstructure characteristics can effectively influence the oxygen impurities in the films, as shown in Figure  3(a) . Researchers have the conclusion that most of the oxygen incorporated into the films through postoxidation. 24 Our films R H ¼ 97.5% and 98.0% were tested by IR-transmission after being exposed to the air for three days, showing the oxygen concentration of about 1.76% and 0.27%, respectively. While we tested the same batch one month later, we found that there exists a big difference in oxygen content (1.76%, 0.27% increased to 8.39%, 5.73%, respectively), which is consistent with previous report. 25 However, there is still lack of a convincing explanation on the detailed processes.
Direct bonding configurations of the oxygen impurities in nc-Si:H thin films were investigated by IR-transmission and XPS measurements. The typical oxygen related absorption modes have been demonstrated by the Si-O-Si stretching band spectra in Figure 3(a) , which was fitted by three Gaussian curves as shown in Figure 3(b) . The lowest frequency peak around 1030 cm À1 corresponds to the stretching mode of Si-O-Si configuration, in which Si atoms were in turn back bonded to the other oxygen atoms. The middle one around 1080 cm À1 belongs to the Si-O-Si stretching vibration in SiO 2 , and the component around 1150 cm À1 comes from the out-of-phase oxygen motion associated with an Si(O) 4 configuration. 26 It was observed that the peak at 1080 cm À1 was significantly stronger than the peaks at 1030 and 1150 cm À1 for the sample R H ¼ 98.2%, which indicates the preferential oxidation form like the Si-O-Si in SiO 2 bulk. Besides, as shown in Figure 3(a) , the integrated area of the Si-O stretching mode gradually increases to its biggest value of when increasing R H up to 98.6%, while further increasing R H , the integrated area comes to exhibit a downshift. As also listed in Table I , the integrated area of the peak at 1080 cm
À1
, referred as I 1080 , has a similar variation with that of the integrated area of the stretching mode I Si-O , revealing that SiO 2 appears to be the most predominant basic configurations for all the samples.
We have further employed the XPS measurements to accurately investigate the Si/O surface interaction. Figure 4 (a) displays the high-resolution Si 2p, O 1s photoelectron emission peaks taken at the surfaces of these films. The high resolution Si 2p spin orbital splitting of 0.6 eV was observed with a defined intensity ratio of Si 2p 1/2 and Si 2p 3/2 of 1:2. It is clear from the evolution of the Si 2p spectral region that the peak position in most cases downshifts towards the lowest banding energy 99.35 eV upon R H increasing up to 98.6%, which almost approaches to the value for bulk Si (98.7 eV). When R H further increases to 99.2%, the peak position shifts toward the higher value 99.439 eV. This broad Si 2p peak shift may be due to the electronegativity of oxygen, so the Si 2p peak in oxidized silicon has a higher binding energy in comparison to that in less oxidized films. Here, note that there is a seemingly random change in Si 2p 3/2 emission. Considering that the bonding energy of Si-H x is very close to the Si 2p core level as well as the charge transfer effects, 27 bonded hydrogen can attract the positive charge located on Si core level causing a shift of Si core level toward a high binding energy of broadening the Si 2p core level peak. However, it is difficult to differentiate between the influences of suboxides from the Si-H bonding in the bulk, 24 which complicated detailed interpretation of the peak shift of our spectra. In the O 1s XPS spectra, the peak intensity shows a random variation, according to the charge transfer model, such a shift is expected to be due to the change of the Fermi level. Figure 4 (b) shows a representative high-resolution Si 2p spectrum for understanding the suboxide on the film surface. All energy level fitting was based on the synchrotron work of Himpsel et al. 28 and Niwano et al. 29 The decomposition of the measured spectra into fitting components corresponds to various Si bonding states. For the as-fabricated nc-Si:H materials, the Si 2p region has been routinely fit to Si 2p 1 Figure 4 (a), demonstrating that high R H hydrogen effectively limits the intermediate oxide formation by passivation at the near surface. Finally, the spectrum of R H ¼ 98.2% exhibits the highest peak intensity of SiO 2 while the oxygen content in the bulk is not the highest. This may be related to the surface smoothness at an atomic level of the sample, i.e., a rough surface of the silicon material produces more intermediate oxidation states. 28 
C. Structure evolution and mechanism of oxidation
To fully understand the relation between the microstructure properties and the oxidation effects, it is quite necessary to investigate the structure evolution. The nanocrystalline silicon growth resulted from a complex synergy between surface and bulk reactions of impinging SiH x radicals, atomic hydrogen, and ion species. 30, 31 As we can see from Table I the gas density of SiH 4 on the deposited layer decreased as the total gas flow was fixed at 120 sccm, which resulted in the decreasing concentration of the deposition precursor SiH x (x 3). On the other hand, more hydrogen ions were introduced into the deposition system with the increasing R H , which led to excessive etching on the weak Si-Si bonds. As a result, the value of R d decreased.
Furthermore, ion bombardment growth mechanism 16 can provide a satisfactory explanation for the experimental XRD and Raman results in Figure 1 . As the nc-Si:H films were deposited at a high RF power (of 60 W) and deposition area of 12.5 Â 12.5 cm 2
, the ion bombardment effect should be taken into account. In the bulk layer, the bombardment by hydrogen ion became more evident with increasing R H from 97.5% to 98.6%. The film growth would undergo the process that hydrogen ions impinged the radicals SiH x at the weak bonding region, which reduced the surface diffusion length of the film precursors (SiH x ) and more microvoids were created in the grain boundaries with amorphous components. These subsequently formed microvoids induced larger areas of internal surfaces with dangling bonds and weaker Si-Si bonds in the growing film. Therefore, through H ion implantation, atomic hydrogen diffusion, and relevant chemical reactions, more hydrogen would be bonded to silicon or trapped in these microvoids and grain boundaries region, leading to the shrinking of the grain size d and decrease of the crystalline volume fraction Xc, as observed by the XRD and Raman measurements. However, when increasing R H from 98.6% to 99.2%, hydrogen-induced annealing effects 32 overcame the ion bombardment induced amorphization. With more atomic H presenting on the growing surface, they penetrated into the subsurface and rearranged the Si-Si network structure by the following processes: (1) saturation of present dangling bonds at the interface between the amorphous and the crystalline region; (2) formation of molecular hydrogen through reaction of adsorbed hydrogen with clustered hydrogen in the subsurface, which was less mobile than the atomic hydrogen; and (3) destruction and perturbation the strained Si-Si bond by H-insertion reaction with the a-Si:H matrix. Subsequent structural relaxation of the Si-Si bonds results in the transformation of the film's structure from amorphous to nanocrystalline. Therefore as a general result, more hydrogen presenting in the plasma could lead to greater probability of crystallization, supported by the observation in Figure 1 To accurately identify the spatial correlation between the hydrogen related microstructures and the oxygen impurities, we can turn to investigate the IR Si-H stretching mode, which was deconvoluted using Gaussian absorption peaks corresponding to different bonding configurations as shown in Figure 5 (a). The position of the stretching mode peaks of a hydride in the bulk depends on the unscreened eigenfrequency of the hydride, bulk screening, local hydride density, and possible mutual dipole interactions of the hydrogen incorporation configuration. 33 The low stretching mode ) reflect mono-, di-, and trihydrides on the crystalline surface. Furthermore, the stretching mode at $2250 cm À1 corresponds to the hydride O x Si-H y vibration with oxygen atoms back bonded to the silicon atoms. 35 As a result, the film disorder can be represented by the relative intensities of the MSM and HSM versus the total absorption intensity, and we propose here a factor C which is defined as follows:
where I LSM , I MSM , I HSM , I NHSM , and I EHSM are deconvoluted integrated areas of the IR-absorption curve for Si-H x , which stand for intensities of absorption from corresponding modes. It is clear from Figure 5 (b) that the values of the structure factor at different R H agree very well with the oxygen content C O , strongly indicating that oxygen incursion has been originated from these plate-like configuration and clustered microvoids of the disordered regions. Therefore, we can fully understand the spatial correlation between the disordered structure and the oxygen incursion. First of all, there is a big difference between amorphous tissues and crystalline grain boundaries in the disordered region, that is, the voids formed at the amorphous/crystalline interface are different from microvoids incorporated into bulk amorphous silicon. 36 It is widely agreed that isolated hydrides in vacancies contribute to the LSM where hydrogen atom is bonded to silicon in form of monohydrides within small volumes of monovacancy, divacancies, or polyvacancies. This part of the inhomogeneous microvoids distributed in the amorphous tissues does not have an effective pathway for the oxygen bonding, thus the oxygen has less possibility to bond with the coordinated defects, which can explain the fact that microvoids corresponding to LSM contribute little to the oxygen incorporation. Second, on the grain boundaries silicon hydrides can form platelet-like configuration, created by the insertion of hydrogen into strained Si-Si back bonds during growth, which resulted in MSM peaks of IRtransmission spectra. Our films of highly crystallized ncSi:H have a high ratio of grain boundaries, providing big opportunity for oxygen to incorporate with the massive dangling bonds along the grain boundaries. In addition, the HSM centered at 2090 cm À1 is assigned to clustered hydrogen in mono-, di-or trihydrides at the internal surfaces of voids. Nanosized voids at the interface between amorphous silicon and nanocrystallites, as well as 6-ring like voids configuration 37 can provide large space for oxygen habitation. We can conclude that the nature of the disordered films allowed the oxygen impurities to diffuse along the columnar grain boundaries after being exposed to air. Through electrostatic effects of adsorbents, the oxygen atoms accumulated at large unsaturated internal dangling bonds of the void states led to the inhabitation of the oxygen impurities. Hence, compact structure and well passivated grain boundaries are less susceptible to surface contamination resulted from oxygen. Since the oxygen contaminated surface caused by oxidization can influence the light absorption, 8 to deposit an amorphous layer on the films of nc-Si:H can be an efficient way to prevent surface contamination from oxygen impurity.
IV. CONCLUSIONS
In summary, we have performed an overall study on the correlation of structure properties and oxidation effects from a series of nc-Si:H films prepared by hydrogen dilution profiling. Raman spectroscopy, XRD, and optical transmission have been employed to elucidate the structure evolution and film growth. XPS measurements indicated that Si 3þ did not exist in the sample, while the Si 1þ and Si 2þ species were existed. Hydrogen limits the intermediate oxide formation by passivating the near surface and reducing the strained bonds at the interface of the disordered region. Crystalline like phase SiO 2 is the highest formation of the oxidation states after the films are exposed to air. The observation of the structure factor corresponding to oxygen spatial dispersion told us that the oxygen incursion has been originated from these plate-like configuration and clustered microvoids. Consequently, compact structure, well bonded grain boundaries, and depositing a quite thin amorphous layer are suitable to reduce the surface oxygen contamination. The present work offers a very valuable understanding of the oxygen incorporation mechanism in the potential good photovoltaic materials.
